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Although it has long been hypothesized that gene expression might become more variable or noisy during aging, direct
evidence has been scarce so far. A new study reports detection, by PCR analysis of individual cells, of increased cell-to-cell
variability in gene expression in aging mouse heart; moreover, a similar variability can be generated in cultured cells using
oxidative stress (Bahar et al., 2006).Regulated gene expression is critical to
maintaining the differentiated state and
to controlling cell death, cell division,
and the transition to cancer. Gene ex-
pression in aging cells exhibits a number
of characteristic changes, including the
tissue-specific induction of oxidative
stress-response genes (Balaban et al.,
2005). Other changes in gene expression
during aging may reflect a loss of gene
regulation and a failure to maintain the
differentiated state, such as the misex-
pression of extracellular matrix-degrad-
ing enzymes in senescent fibroblasts
(Campisi, 2005). A new study (Bahar
et al., 2006) demonstrates that aging
can be also be associated with in-
creased variability in gene expression,
a finding that might ultimately shed light
on the variability inherent in aging and
life span.
Past analyses of gene expression in
aging flies failed to find evidence of in-
creased variability (Rogina et al., 1998).
However, these studies were limited by
the available methods for quantifying
gene expression and the inability to as-
say individual cells. In the present paper
(Bahar et al., 2006), the authors use
PCR to measure gene expression in
individual cells dissected from young
and old mouse hearts. Their seminal
observation is that cell-to-cell variability
in gene expression increases during
aging. In other words, for a given gene,
in some cells expression is increased
while in others expression is decreased.
This was observed for a variety of
nuclear genes, but notably not for mito-CELL METABOLISM : AUGUST 2006chondrial genes. A similar cell-to-cell
variability in gene expression could be
generated in cultured fibroblasts by
treatment with H2O2, suggesting an ap-
pealing model in which oxidative stress
leads to DNA damage that in turn some-
how leads to increased variability in gene
expression.
A loss of genome integrity is critically
implicated in processes associated with
aging, including replicative senescence
and cancer (Campisi, 2005). DNA dam-
age (which includes single- and double-
strand breaks and missing or modified
bases) has a variety of causes. Reactive
oxygen species may be particularly im-
portant, especially in metabolically active
tissues such as heart muscle. Different
types of mutation can result, including
point mutations, deletions, duplications,
chromosomal inversions, and transloca-
tions. Because somatic tissues such
as heart muscle and fibroblasts rely pri-
marily on nonhomologous end-joining
(NHEJ) (as opposed to homologous re-
combination) for DNA repair, there is
ample opportunity for rearrangements
and loss of information (Karanjawala
and Lieber, 2004). Vijg and coworkers
found that the changes in the DNA of ag-
ing heart cells include many large chro-
mosomal rearrangements (Bahar et al.,
2006). Indeed, duplications and deletions
which alter gene copy number would
be predicted to result in increased ex-
pression in some cells and decreased
expression in others, assuming a lack
of tight feedback regulation. Moreover,
even in the absence of an actual geneduplication or deletion, chromosomal
rearrangements can have far-reaching
effects on gene expression.
The importance of the three-dimen-
sional architecture of the interior of the
nucleus in regulating gene expression
has become increasingly apparent (Fig-
ure 1). According to current models,
each chromosome is organized into dis-
crete and tissue-specific domains of
transcriptional activity and DNA replica-
tion timing involving unique chromatin
structures and covalent modifications of
the DNA (Kuhn and Geyer, 2003; MacAl-
pine and Bell, 2005; Noma et al., 2006).
Transcriptional enhancers and locus con-
trol regions a few hundred base-pairs in
size can coordinately regulate the expres-
sion of multiple genes distributed through-
out a region of thousands of kb, in part by
recruitment of enzymes that rearrange
and/or covalently modify protein or DNA.
‘‘Insulator’’ or ‘‘barrier’’ DNA elements
can block an activating signal from an
enhancer or block the propagation or
‘‘spread’’ of repressive chromatin struc-
tures such as heterochromatin along
the length of the chromosome. Several
of the chromosomal regulatory elements
have been found to associate with the
nuclear substructure and arrange the
chromosome string into loop-like do-
mains (Kuhn and Geyer, 2003; Noma
et al., 2006). In yeast, insulator and
barrier elements have been shown to
functionally associate with specific mac-
romolecular complexes in the nuclear
periphery, including the nuclear pores.
These elements appear to tether specific101
P R E V I E W SFigure 1. Location, location, location
A hypothetical chromosome has eight genes (indicated by arrows) and three cis-regulatory elements (indi-
cated by ovals).
A) Two oxidative lesions to the DNA (indicated by lightning bolts) lead to two point mutations: One point mu-
tation is outside gene coding and regulatory regions and has no effect, while the other causes altered mRNA
stability. This results in change of at most one gene’s expression level, as indicated by a black X-mark.
B) The same two oxidative lesions lead to a chromosomal inversion. This disrupts one gene as well as sepa-
rating three more genes from their enhancer or suppressor (blue oval). In this case, half of the genes on the
chromosome suffer a change in expression.
C) The same inversion can be seen to disrupt subnuclear positioning of the chromosome required for addi-
tional levels of gene regulation. Proximity to the nuclear pore may be important for efficient expression and
export of stable mRNA to the cytoplasm. Localization to the nuclear periphery may in general be required
for active expression, while other regions of the nucleoplasm may represent either specific activating or re-
pressive zones (red heart). Proximity to a homologous or heterologous gene on another chromosome may also
be important for a direct physical interaction involved in transcriptional regulation of both genes (red X).points on the chromosome to the nuclear
periphery while at the same time creating
regulatory chromatin domains. The ar-
rangement and orientation of genes,
origins, enhancers, and insulators into
domains along the chromosome string
is therefore key to control of gene ex-
pression.
It is perhaps no surprise that the nu-
clear periphery, near the nuclear pores
and cytoplasm, appears transcription-
ally active and contains the euchroma-
tin, while the nuclear heart or core
may be repressive and contain more
heterochromatin. Nuclear lamins are fi-102brous proteins found just inside the
nuclear envelope that are involved in
regulating the structure of the nucleus
(Scaffidi and Misteli, 2006). Mutations
in the nuclear lamins cause premature
aging symptoms (progerias) and many
other diseases, consistent with a critical
role in maintaining genome integrity and
gene expression patterns. Proximity to
the nuclear pore may be important for
efficient expression and export of sta-
ble mRNA to the cytoplasm. Localiza-
tion to the nuclear periphery may in
general be required for active expres-
sion, while other regions of the nucleo-plasm may represent either specific ac-
tivating or repressive zones (Figure 1).
Proximity to a homologous or heterolo-
gous gene on another chromosome
may also be important as it is becoming
increasingly clear that genes can inter-
act physically to regulate each other’s
expression.
In the context of a regulatory nuclear
substructure, certain chromosomal mu-
tations will have more severe conse-
quences than others (Figure 1). It is rela-
tively rare for a point mutation to cause
a change in a gene’s expression. How-
ever, in the worst-case scenario a single,
well-placed inversion could cause al-
tered expression of every gene on the
chromosome, as well as genes on other
chromosomes. Consistent with this
idea, it has been known for some time
that a single, well-placed inversion can
suppress recombination along an entire
eukaryotic chromosome.
Oxidative lesions to the DNA can cre-
ate a physical block to transcription,
and subsequent DNA repair requires
chromatin remodeling. This repair pro-
cess is likely to impede transcription,
and might have an irreparable effect on
the epigenetic regulation of that gene’s
expression, even in the absence of a
mutation. Interestingly, in the current
study by Vijg and colleagues, H2O2-
treated fibroblasts displayed a lag period
in which cell-to-cell variability in gene ex-
pression was actually reduced—perhaps
corresponding to a period of damage, re-
pair, and repressed expression. Strik-
ingly, it has recently been shown that
regulated transcription itself can involve
site-specific DNA breaks—perhaps pre-
senting a mutagenic challenge even in
the absence of oxidative stress (Ju
et al., 2006). Perhaps the transcriptional
activity of a gene per se puts it at risk
for mutation and loss of critical epige-
netic regulation during aging. This brings
us to a couple of interesting questions for
the future:
Does increased transcriptional vari-
ability occur in fibroblasts that become
senescent the old-fashioned way, i.e.,
by going through cell divisions until they
hit the Hayflick limit (Campisi, 2005)? If
oxidative damage and mutation is indeed
the causative agent of increased tran-
scriptional variability in mouse heart
cells, why aren’t mitochondrial genes
similarly affected? While it is true the
mitochondrial genomes exist in greater
copy number, they are also thought toCELL METABOLISM : AUGUST 2006
P R E V I E W Sbe particularly susceptible to oxidative
damage during aging. Finally, what are
the consequences, if any, of variable
heart cell gene expression for the mouse?
Mice heterozygous for null mutations
in the mitochondrial antioxidant MnSOD
have increased oxidative stress and
increased oxidative damage to nuclear
DNA in the heart and other tissues,
yet a normal life span (Van Remmen
et al., 2003). It would be interesting to
see if these mice have increased variabil-
ity in cardiomyocyte gene expression. It
may be that tissues can tolerate a signifi-
cant cell-to-cell variability in gene ex-
pression without obvious phenotypic
consequences. Finally, RNA levels are
regulated by both synthesis and degra-
dation, meaning that increased variability
could be caused either at the level of
transcription, or at the level of RNA
turnover, and it will be important to dis-Dirty dealing: Hepatic
fat distribution
To evaluate the role of hepatic peroxisom
and colleagues examined the metabolic e
onstrated a surprising degree of hepatic s
talk between liver and adipose tissue app
sympathetic efferents. These data sugge
Metabolic events have long been charac-
terized as modulators of multiple aspects
of energy homeostasis. Alterations in the
availability of nutrients selectively pro-
vided to the hepatic portal system po-
tently modulate food intake and glucose
homeostasis (Berthoud, 2004; Hevener
et al., 2001). The idea that metabolic
events within the liver have ramifications
for distal organ systems involved in de-
termining energy balance has driven
experiments designed to identify and
characterize sufficient nutrient feedback
signals that affect multiple homeostatic
behavioral and physiological responses.
What are these signals and how do they
exert their effects on distant organs? Re-
cent work by Uno and collegaues (Uno
et al., 2006) demonstrate a novel role
for hepatic PPAR g in modulating fat dis-
tribution that appears to rely on sensory
CELL METABOLISM : AUGUST 2006tinguish between these possibilities in
the future.
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